I. lNTRODUCTION
The measurement o f scintillation light from the lead tungstate crystals o f the CMS ECAL poses a substantial technical challenge, particularly in the endcap regions, where the radiation levels are highest. The photodetectors must be fast, sensitive, radiation-hard, and operate with significant internal gain in a magnetic field of 4 Tesla. In what follows, the measured performance characteristics of 7100 production vacuum phototriodes (VPTs), specially developed to satisfy the needs ofCMS, will be described.
The CMS (Compact Muon Solenoid) experiment [I] i s one o f two general-purpose detectors currently being constructed for operation at the LHC proton-proton collider at CERN. The CMS electromagnetic calorimeter (ECAL) detector [2] comprises a hermetic array o f scintillating lead tungstate crystals; the crystals are slightly tapered to generate a quasi-pointing geometry, as shown in Fig. I . The barrel , of length 6 m and radius I .75 m, contains approximately 6 IO00 crystals, while the endcaps contain approximately 15000 crystals. The endcap crystals are 30x30 mm2 in crosssection and 220mm long, corresponding to a depth of approximately 25 radiation lengths. The calorimeter lies inside the 4 T solenoidal magnetic field of CMS, with the axes o f the endcap crystals being at angles between 8' and 24' to the magnetic field. The benchmark physics channel that drives the ECAL design i s the decay o f the Higgs boson to two photons; this w i l l be the most significant discovery channel for the Higgs if its mass i s less than 130GeVic'.
The detection o f this decay process above background requires that the energy resolution of the ECAL must be less than I% for photons o f 100 GeV energy.
0-7803-824X-X/O4/$17.00 02004 IEEE The experimental conditions expected at the LHC impose stringent demands on the detector technology, The radiation environment during collider operation will be very harsh, as i s shown in Fig. 2 . The crystals o f the ECAL barrel w i l l receive an integrated y dose of up to 4 kGy during 10 years of operation, while the dose at the inner edge o f the endcap could be as high as 200 kGy, with the dose rate increasing strongly at low radii, i.e. close to the beam pipe [3] . The neutron thence i s also intense, ran ing from IO"cm-' in the crystals o f the E C A L barrel to IOl'cm-' at the inner edge of the endcap. Radiation tolerance i s therefore a vital consideration in the overall detector design.
The LHC w i l l operate at a frequency o f 40 MHz, so that the interval between beam crossings will he only 25 ns. The ECAL must therefore be capable o f responding on this timescale to provide prompt information to the CMS trigger system.
A further constraint on the ECAL photodetector arises from the fact the scintillation light output of lead tungstate is rather weak; the YNb-doped crystals used in CMS typically yield 50 photons per MeV of energy deposited, requiring the use ora photodetector with internal gain.
Finally, the photodetectors must function satisfactorily in the 4 T solenoidal magnetic field of CMS. LEP, and devices o f this type were subsequently used for the corresponding detector subsystem [6] in DELPHI. The magnetic field in OPAL was a factor 10 lower than that o f CMS, and the radiation levels were very much less at LEP. CMS has therefore demanded the development of a new generation o f VPT, with enhanced performance. This paper will be structured as follows; In Section 2 we will briefly describe the VPTs developed for the CMS ECAL endcaps, In Section 3 we will describe our measurements of the characteristics o f these VPTs i n a magnetic field, I n Section 4 we will describe the radiation tolerance o f these devices, and In Section 5 we will present a summary. The VPTs will be operated in CMS with the photocathode at ground, the dynode plate at 800 V, and the anode mesh at 1000 V; at this point, the tube gain i s insensitive to variations in the applied voltage.
DESCRIPTION OF CMS VACUUM PHOTOTRIODES
Detailed measurements o f the photocathode response have been made by our CMS colleagues at the University of Split, Croatia. The quantum efficiency i s found to be uniform over the photocathode area. The VPTs will be installed in CMS glued directly to the crystals, i.e. with the VPT axes at angles between 8-and 24"
to the magnetic field. The VPT specification therefore requires that the response in a magnetic field o f 4 T, with the VPT axis at 15" to the field direction, must be at least 75% o f that achieved in zero field. The specification additionally requires that the loss in output after irradiation to 20 kGy must be less than 10%. Previous measurements have shown that satisfactory performance at 1.8 T i s a very reliable indicator that a device will operate in the 4 T field o f CMS.
MEASUREMENTS OF VPT CHARACTERISTICS IN
Nevertheless, approximately 10% of the devices, selected at random, are also tested at Brunel University in a 4 T superconducting magnet, at a fixed angle of 15'. The response o f each VPT at 4 T is well correlated with the measurement at 1.8 T, confirming that the response is stable at high magnetic fields. Fig. 6 shows the ratio of the gain measured at 4 T to that at 0 T. The observed ratio i s close to unity, having a mean o f 0.95. The requirements o f the CMS ECAL endcap are that the ratio exceeds 0.75. Of over 600 tubes measured to date at Brunel, only one fails this criterion. Fig. 7 shows the output o f a VPT as a function of angle in a 4 T field, from carefully hand-orienting the tube to an accuracy o f -OS0.
Again the characteristic periodic behaviour i s observed. The periodicity i s now -5~. to be compared with the -10-periodicity observed at I .8T (Fig.'S) . 10% o f VPTs have also been tested at 4T; these measurements are found to correlate well with the results obtained at 1.8 T, confirming that tubes which pass the 1.8 T acceptance test will operate satisfactorily in CMS at 4 T. The radiation tolerance of the VPTs i s assured by the irradiation and testing o f all faceplate glass batches prior to manufacture. I t has been verified that the instantaneous dose and neutron fluence received by the VPTs during operation in CMS will not degrade their performance.
